A new microbial strain was isolated from an arsenic-rich terrestrial geothermal environment. The isolate, designated HR13, was identified as a Thermus species based on 16S rDNA phylogenetic relationships and close sequence similarity within the Thermus genus. Under aerobic conditions, Thermus HR13 was capable of rapidly oxidizing inorganic As(III) to As(V). As(III) was oxidized at a rate approximately 100-fold greater than abiotic rates. Metabolic energy was not gained from the oxidation reaction. In the absence of oxygen, Thermus HR13 grew by As(V) respiration coupled with lactate oxidation. The ability to oxidize and reduce arsenic has not been previously described within the Thermus genus. ß
Introduction
Infamous for its toxicity, arsenic has become the focus of much concern regarding its occurrence and cycling in the environment. Arsenic is found ubiquitously in nature, occurring in soil and ocean waters at trace levels and up to hundreds of mg kg 31 in the Earth's crust [1] . Mobilization of arsenic from these reservoirs into air and drinking water is a primary concern. Anthropogenic activities such as mining and herbicide use as well as natural processes including the weathering of As-bearing minerals contribute to arsenic mobilization into ground and surface waters [1] . Geothermal £uids, capable of leaching rock, are also a signi¢cant source of arsenic [2] . Hot-spring waters typically contain 1^10 mg l 31 As and have been reported to bear up to 50 mg l 31 [3] , three orders of magnitude greater than the current U.S. Environmental Protection Agency maximum contaminant level for drinking water [4] .
Arsenic occurs primarily as arsenite (As(III)) and arsenate (As(V)) in aqueous environments [5] . In the absence of a catalyst, oxidation and reduction reactions between species of arsenic are extremely slow, even when thermodynamically favorable [6] . Various microorganisms can utilize these kinetically inhibited reactions for their gain. A small number of aerobic chemolithoautotrophic microbes can derive metabolic energy from the oxidation of As(III) [7, 8] . Anaerobic respiration of As(V) has been observed in several species [9] . Reduction of arsenic is also carried out by resistant microbes utilizing an As(V)-reductase and As(III)-e¥ux system [10] . Biological transformations are rapidly gaining recognition for their importance in arsenic transport and cycling between environments (see Newman et al. [9] for review).
The identi¢cation and understanding of biological controls on arsenic cycling in nature is of critical importance. While geothermal £uids are a signi¢cant source of arsenic, little work has been conducted to study the microbial processes that may impact arsenic cycling in these settings. Here we describe the characterization of a new Thermus strain isolated from an arsenic-rich hot spring locality.
Materials and methods

Field sampling and strain isolation
Samples were collected from the drainage channel of the Growler Hot Spring in northern California, USA. Measurements of temperature and pH were made in the ¢eld using an Orion model 290A portable meter ¢tted with an Orion model 9107 electrode. Samples for As(III)/(V) measurements were collected by syringe, ¢ltered (0.22 Wm) into polypropylene screw-cap vessels, and placed on ice. 
Phylogenetic analysis
Chromosomal DNA was extracted from pure cultures following a modi¢ed freeze^thaw protocol of Bond et al. [11] (pH 7.0 PBS was substituted for pH 1.2 PBS during the initial washes). Puri¢ed DNA was used as the template in 16S rRNA gene ampli¢cation by PCR. 25 Wl PCR reactions contained 25 ng of template DNA, 1U PCR bu¡er (Perkin Elmer), 200 WM of each of the four deoxynucleoside triphosphates, 2.5 mM MgCl 2 , the primers 27F and 1492R [12] at 350 nM each, and 0.025 U AmpliTaq Gold (Perkin Elmer). A Perkin Elmer Gene Amp 2400 was used for thermal cycling. Ampli¢cation conditions consisted of an initial denaturation at 94³C for 5 min, followed by 30 cycles of 94³C for 60 s, 45³C for 45 s, and 72³C for 90 s, and a ¢nal incubation at 72³C for 20 min. PCR products for sequencing were puri¢ed using QIAquick puri¢cation columns (Qiagen) and were used in sequencing reactions carried out using the Prism Big Dye terminator sequencing kit (Applied Biosystems) according to the manufacturer's directions. Extension products were obtained using the primers 27F, 1492R, 690R and 515F [12] , and the DNA sequences were determined on an automated sequencer at the University of Wisconsin Biotechnology Center.
Overlapping 16S rDNA sequences from HR13 were assembled using the program SeqEd to obtain one 1416 base-pair sequence (GenBank accession number AF384168). Similar 16S rDNA sequences, based on BLAST (basic local alignment search tool) [13] results, and other reference sequences were obtained from GenBank. The sequences were aligned using the FastAligner function of the ARB EDIT tool within the ARB software package. Alignments were checked by eye, adjusted manually, and exported to the program PAUP* for phylogenetic analyses. Within PAUP* the Jukes^Cantor correction was used and phylogenetic analyses were performed by the distances and parsimony methods. A phylogenetic tree was constructed by the neighbor-joining method, and bootstrapping analyses were carried out to determine the statistical con¢dence of the branching points.
Arsenic oxidation and reduction assays
To test for the ability to oxidize arsenite, the isolate HR13 was inoculated into 125 ml polycarbonate screwcap £asks with 60 ml of medium (enrichment medium described above) containing 75 mg l 31 As(III). Flasks were incubated aerobically at 70³C with and without shaking (125 rpm). Control experiments using non-inoculated, sterile media with 75 mg l 31 arsenite were also incubated under the same conditions. 1-ml samples from biological and abiotic experiments were taken over time for measurements of cell density and for determinations of arsenic speciation. Samples were centrifuged, decanted, and stored at 320³C prior to arsenic analyses.
Basal growth medium for anaerobic culturing of HR13 consisted of 3 mM sodium lactate, 30 Resazarin dye. The medium was adjusted to pH 8.0 with NaOH, boiled for 30 min, placed on ice, and purged with N 2 until cold. Under continuous N 2 £ow, the medium was aliquoted into 125-ml bottles, sealed with butyl rubber stoppers and aluminum caps, and autoclaved.
Cells of HR13 grown aerobically were harvested, washed three times with 0.2% (w/v) NaCl, and inoculated into 60-ml anaerobic precultures containing 75 mg l 31 arsenate (as Na 2 HAsO 4 ). After 5 days of incubation at 70³C, precultures were harvested, washed three times, and used to inoculate As(V) respiration experiments. Three sets of anaerobic experiments were carried out: (i) inoculated medium containing 75 mg l 31 As(V) (¢ve replicates), (ii) inoculated medium with no arsenic added (three replicates), and (iii) non-inoculated controls containing 75 mg l 31 As(V) (three replicates). The experiments were incubated at 70³C and 1-ml samples were taken periodically over 27 days for cell density and As(III)/As(V) measurements. Culturing vessels were continuously purged with N 2 during all inoculation and sampling procedures.
Analytical methods
Measurements of arsenic speciation in laboratory experiments followed the ion-paired chromatography method of Bushee et al. [14] and the arsine generation protocol of Howard and Hunt [15] . Cell densities in aerobic experiments were determined by measuring the optical density at 600 nm using a Perkin Elmer Lambda 3 UV/VIS spectrophotometer. Cell concentrations in anaerobic cultures were measured using a Petro¡ Hausser counting chamber.
Results and discussion
Field site parameters and strain isolation
The strain HR13 was isolated from gray ¢lamentous bio¢lm collected from a narrow drainage channel approximately 2 m downstream of the Growler Hot Spring. The hot spring consisted of a small (1 m diameter) rigorously boiling pool at 94.1³C with a pH of 7.5. Geothermal £uids at the hot spring vent contained 9.0 mg l 31 dissolved inorganic As(III). As(V) was not detected at the Growler Hot Spring vent.
Isolate characterization and identi¢cation
The temperature optimum of strain HR13 was determined to be approximately 75³C and the organism showed optimal grow at circumneutral pH. In broth culture and on plates, the isolate had a pale yellow color. Phylogenetic analyses based on 16S rDNA sequence comparisons indicated HR13 lies within the genus Thermus. The phylogenetic tree in Fig. 1 shows the close relationship of strain HR13 among the Thermus species. Designated Thermus HR13, this organisms occurred as long rods and ¢laments, morphologies that are consistent with the Thermus species [16] . Thermus HR13 had greater than 98% 16S rDNA sequence identity with Thermus aquaticus YT-1, suggesting HR13 may be a strain of the same species. However, the temperature optimum of Thermus HR13 is approximately 5³C higher than Thermus aquaticus [17] . DNA^DNA hybridizations are needed to further distinguish these two organisms at the species level [18] .
Arsenic oxidation and reduction assays
Experiments examining Thermus HR13 for the ability to oxidize arsenite to arsenate conducted with rigorous shaking showed that within 8 h after inoculation, arsenite oxidation was accelerated relative to abiotic controls ( Fig.  2A) . Within 16 h, 100% of arsenite was oxidized to arsenate by Thermus HR13. Biological oxidation occurred at a maximum rate of 0.15 mg l 31 min 31 during exponential growth, over 100-fold greater than the observed abiotic rate of 0.001 mg l 31 min 31 . Thermus HR13 could not grow with As(III) as a sole energy source, and growth was not enhanced in the presence of arsenic (data not shown). Heterotrophic metabolic conversion of As(III) to As(V) is considered an arsenic tolerance strategy [19] as As(V) is generally less toxic than As(III) [5] .
Culturing experiments conducted without aeration also showed rapid arsenite oxidation in which 100% of As(III) was converted to As(V) during the ¢rst 16 h of incubation (Fig. 2B) . Following the complete oxidation of As(III), Thermus HR13 began a period of As(V) reduction, during which most of the arsenic in the culture was converted back to As(III). After 12 h of reduction, re-oxidation of As(III) occurred as arsenic was transformed to 100% As(V). Abiotic experiments showed only oxidation at approximately 5% over 40 h (Fig. 2B ). Clearly Thermus HR13 had the capacity to reduce As(V) in addition to the potential for As(III) oxidation.
This ability to quickly alternate from As(III) oxidation to As(V) reduction and back to As(III) oxidation within a 40 h period was equally remarkable and unexpected. The organism may have been employing an arsenate-reductase system for arsenic resistance as As(V) levels increased in the medium. Alternatively, it was suspected that conditions within the culture may have oscillated between aerobic and anaerobic during the experiment. Thermus HR13 may therefore have been reducing As(V) to As(III) as a respiratory process during periods of anoxia.
To test Thermus HR13 for the ability to grow by arsenate respiration, anaerobic growth experiments were conducted. When cultured with As(V) present as the sole electron acceptor, cell densities increased by an average of approximately two orders of magnitude (Fig. 3A) . Growth of Thermus HR13 did not occur when cultured in the same medium with As(V) omitted, indicating arsenate was required for growth in this system. Reduction of As(V) occurred in all ¢ve replicates containing lactate and As(V) medium inoculated with Thermus HR13 (Fig. 3B) . Cell growth was concurrent with As(V) reduction, and control experiments showed no change in arsenic speciation. Levels of As(V) therefore declined clearly as a result of micro- bial activity. These results provide strong evidence of As(V) respiration by Thermus HR13.
Physiological and environmental signi¢cance
Since the discovery of arsenite-oxidizing microorganisms in 1918 [20] , a broader knowledge of the number and diversity of organisms having this trait has begun to emerge. Recently, two phylogenetically and physiologically distinct species within the Thermus genus, T. aquaticus and T. thermophilus, have been found to rapidly oxidize As(III) [21] . The organisms, Pseudomonas arsenitoxidans [8] and`NT-26' [7] , have been con¢rmed to couple arsenite oxidation to energy generation, while Alcaligenes faecalis [22] and Pseudomonas putida [23] have been shown to oxidize arsenic during heterotrophic growth. Thermus HR13 represents an even wider phylogenetic diversity of arsenite oxidizing organisms.
Studies by Kieft et al. [24] have recently shown the isolate Thermus sp. SA-01 to be a facultative anaerobe capable of using nitrate, ferric iron, and elemental sulfur as terminal electron acceptors. Anaerobic growth by nitrate reduction has also been described in T. thermophilus HB8 [25] . These ¢ndings came only very recently following many decades of work on characterization of this genus. The investigations presented here introduce an additional surprise in demonstrating arsenate respiration by a Thermus strain.
Dissimilatory reduction of arsenate has been shown to occur among a diverse number of bacteria occurring in a variety of environments [9] . The use of As(V) as a terminal electron acceptor was ¢rst described in Sulfurospirillum strain MIT-13 in 1994 [26] . Arsenate respiration is now known to occur in a number of genera including Desulfotomaculum, Chrysiogenes, Wolinella [9] as well as the Thermus genus.
Speculation on the a¡ect of Thermus HR13 on arsenic cycling in nature clearly hinges on the redox conditions where the organism occurs. Thermus species have been identi¢ed in many diverse thermal environments including domestic hot-water heaters [27] , hot springs [28, 17] , and deep sub-surface mines [24] . The ability of the facultative anaerobe Thermus HR13 to use As(V) for respiration will potentially extend the known range of environments for Thermus species even further as additional high-temperature anoxic settings are studied.
The reduction of As(V) through respiration has the potential to impact arsenic cycling and transport in nature. Studies have shown that the extent of arsenic adsorption changes with arsenic speciation [1] . Arsenate is generally more readily adsorbed than arsenite to iron oxyhydroxides and certain other mineral surfaces, and is therefore considered less mobile. Microbial reduction of arsenate has been con¢rmed to mobilize arsenic in cultures [28, 29] and in contaminated environments [30] .
Based on these results, reduction of As(V) by Thermus HR13 in the environment will likely impact arsenic transport. Dissolved oxygen levels in the Growler Hot Spring drainage are not known, although the low solubility of oxygen at high temperatures supports the possibility of anoxic conditions. Thermus HR13 may therefore promote arsenic mobilization as seen by other As(V)-reducing organisms. Conversely, if conditions favor the precipitation of arsenic sul¢des, As(V) reduction by Thermus HR13 may lead to arsenic removal from geothermal waters.
Thermus HR13 has the potential to impact arsenic mobility in aerobic environments as well. By accelerating the conversion of arsenic to a more readily adsorbed species, aerobic As(III) oxidation may result in attenuated transport. Due to the ability to grow under a variety of conditions and environments while alternately reducing and oxidizing arsenic, further studies are necessary to understand the impact of this organism on arsenic cycling in nature.
